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Unification problems are identified with conjunctions of equations between simply typed
X-terms where free variables in the equations can be universally or existentially quanti-
fied . Two schemes for simplifying quantifier alternation, called Skolemization and raising
(a dual of Skolemization), are presented. In this setting where variables of functional type
can be quantified and not all types contain closed terms, the naive generalization of first-
order Skolemization has several technical problems that are addressed . The method of
searching for pre-unifiers described by Huet is easily extended to the mixed prefix setting,
although solving flexible-flexible unification problems is undecidable since types may be
empty. Unification problems may have numerous incomparable unifiers . Occasionally,
unifiers share common factors and several of these are presented. Various optimizations
on the general unification search problem are as discussed .

1 . Introduction

Most first-order unification algorithms are designed to solve existentially quantified
sets of equations such as

3x1 . . . 3xn [tl = S1 A . . . Atm = Srn ] .

That is, the free variables of the terms t1 i . . . , tm, S1, . . . , Sm are interpreted as being
existentially quantified . Of course, if higher-order types are available, constants within
the equations can be universally quantified giving a Y3 quantifier prefix . In this paper
we consider the more general situation where equations must be solved under a mixed
quantifier prefix . That is, we shall consider unification problems to be of the form

Q1x1 . . . Qnxn[tl = S1 A . . . A tm = Sm],

where Q1, . . . , Qn are universal and existential quantifiers . Furthermore, we shall allow
the terms t 1 , . . . , t,n , 31, . . . , sm to be simply typed A-terms and the variables x1, . . . , xn
to be of primitive or functional type . Equality between closed A-terms will be identified
with Or)-convertibility. Such quantified conjunctions of equations are called unification
problems and solutions for them are certain restricted substitutions for the existentially
quantified variables that yield closed equations valid in the QrI theory of equality.
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Below we list several reasons for studying #47-unification of simply typed A-terms in
this way.

Constants and variables are explicitly declared by a prefix . The quantifier prefix can
be seen as a declarations of how its bound variables are to be interpreted within the
equations. In particular, a universal quantifier declares that its bound variable is to be
interpreted as a constant within its scope while an existential quantifier declares that
its bound variable is to be interpreted as available for substitution. For example, the
prefix Vx3yVz3u will be used to declare that x and z are constants while y and u are
variables within a given unification problem . If the unification problem already contained
constants, say c and d, these could be explicitly declared by adding Vc`dd to the front
of the prefix . In this way, it is generally possible to assume that the logic in which
these unification problems are considered contains no nonlogical constants : constants are
introduced explicitly by a prefix when they are needed .

Empty types can be studied and used. The explicit information of a prefix makes a
convenient setting to study the effect of empty types on unification . For example, checking
for the existence of unifiers in this case can be much more complex than in the usual case
when all types are assumed to be nonempty .

Substitution terms can range over different signatures. The alternation of quantifiers
in a prefix can make distinctions between existential variables that are not captured by
type distinctions. Consider again a unification problem with prefix VcVdbx3yVz3u. Any
substitution term for y can contain c, d, and x, while a substitution term for u may
contain these as well as z . Thus, different existentially quantified variables can receive
substitution terms built from different signatures .

The intimate relation between .t-abstractions and universal quantifiers can be exploited .
An equation between abstractions, say Axt = )xs, is provable if and only if the quantified
equation Vx .t = s is provable . Thus, the study of universal quantifiers in prefixes and
the study of A-abstractions in terms can be tied together closely . This connection will be
exploited several times in this paper .

Skolemization does not provide a simple solution method . When variables of functional
type can be existentially quantified, Skolemization does not provide a simple method of
reducing the quantifier alternation in a prefix. There are basically two problems with
Skolem functions . Types that were empty prior to introducing a Skolem function can
become nonempty afterwards. Furthermore, if A-abstractions are built without restriction
from Skolem functions, solutions to a Skolemized unification problem may be difficult to
relate back to solutions of the original problem . In order to deskolemize solutions and
make Skolemization sound (without using a choice axiom), a restriction on the formation
of A-abstractions over Skolem functions must be made .

When higher types ane available, Skolemization has a dual . Skolemization can be seen
as taking a constant (a universally quantified variable) in a given unification problem
and replacing it with a new constant, the Skolem function, at a higher type . In doing so,
the alternation of quantifiers can be, in some sense, simplified. There is a dual operation
to this, called raising, that takes an existentially quantified variable and replaces it with
a new existential variable of higher type in such a way that quantifier alternation is again
simplified .

Various computation systems generate unification problems with mixed prefixes . The
unification problems considered in this paper are those that arise in the Isabelle theorem
prover (Paulson, 1989), in the type inference programs described in (Pfenning, 1988),
and in interpreters for the higher-order logic programming language .Prolog (Nadathur
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& Miller, 1988) . In fact many of the definitions and motivation for parts of this paper
come directly from having implemented one such interpreter . For example, since many
programs in AProlog rely only on second-order unification, the restrictions to second-
order used in Sections 11 and 12 have practical consequences . Also in AProlog, the so-
called flexible-flexible unification problems may need to be presented as part of an answer
substitution : as a result, it is important that the form of these unification problems be
simple and intelligible . The material on improper factors in Section 11 can be used to
simplify such unification problems .

This paper is organized as follows. In Section 2, unification problems are formalized
as certain prenex normal formulas and solvable unification problems are defined as those
that are provable in a simple proof system. An equivalent notion of solvability using
substitutions for existentially bound variables is presented in Section 3 . Some of the
problems surrounding the use of Skolemization in this higher-order setting are presented
and solved in Section 4. Raising is described and proved sound and complete in Section
5. Section 6 illustrates how Skolernization and raising can be used to process unification
problems prior to submitting them to unification processes that do not address quantifier
alternation . Huet's pre-unification process for simply typed A-terms (Huet, 1975) is mod-
ified to deal directly with mixed prefixes in Section 7. Pre-unification carries unification
problems into a class of flexible flexible problems and Section 8 ^,ddresses the solvability
of these unification problems. Section 9 describes some unification problems that do not
have solutions . A generalization to most general unifiers is presented in Section 10, and
Sections 11 and 12 use that generalization on some classes of unification problems. We
conclude by describing some related work in Section 13 .

2. Unification Problems

Unification problems will be formalized in a logic that is essentially a small sublogic
of Church's Simple Theory of Types (Church, 1940). Type expressions in this logic are
all the closed first-order terms defined using certain primitive types and one binary infix
function symbol -+ . When reading type expressions, we associate the infix operator -,
to the right . We shall assume that there is at least one primitive type symbol meta
that denotes the type of unification problems and as many other primitive types as we
find useful . There are no type variables . The symbols r and b will be used as syntactic
variables ranging over type expressions .

DEFINITION 2 .1 . Let T be the type r l -+ • • • - Tn - To where To is primitive and n >_ 0 .
(By convention, if n = 0 then r is simply the type r o .) The types Ti, . . . , Tn are the
argument types of T while the type To is the target type of T . The order of r is defined
as follows: If r is primitive then r has order 0; other ise, the order of r is one greater
than the maximum order of the argument types of T.

We shall assume that there is a denumerably infinite list of variables . Constants are
only the logical constants T, A, T , V1., and 3,., where T ranges over type expressions
that do not contain the primitive type meta . The type annotations on =, V, and 3 will
occasionally be dropped when its actual value is not important or can be inferred from
context. Untyped A-terms can be built up from these variables and constants by using
A-abstraction and application . When reading A-terms, we associate applications to the
left. The notions of subterm and free and bound occurrences of variables are defined as
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usual. Two A-terms are considered identical if they differ only in an alphabetic change of
bound variables . The notation [N/x]M denotes the substitution of A-term N for all free
occurrences of x in M. Of course, bound variables of M must be systematically changed
via a-conversion to avoid variable capture . A term is in /3-normal form if it contains no
occurrence of a /3-redex, that is, a formula of the form (AxM)N . Every term t can be
associated with a unique (up to a-conversion) /1--normal term that is Q-convertible to t .
We shall assume that the reader is familiar with the basic definitions and properties of
/3rl-conversion (see, for example, Chapters 1 - 7 and 13 of (Hindley & Seldin, 1986)) .

In this paper we shall use several forms of equality . As mentioned above, A-terms are
equal if they are alphabetic variants . We shall use no special symbol to represent this
equality relation, choosing instead to simply write phrases such as "t is equal to S" . When
the unadorned symbol = is used, it is either the logical constant = with its annotation
dropped or the mathematical symbol relating objects such as sets or lists : exactly which
relation is intended should always be clear from context .

DEFINITION 2 .2 . A signature is a finite set r of pairs, written as x : r, where x is a
variable and r is a type expression, and whenever x : r E F and x : S E r, r and S are
the same type. Signatures are used to assign types to variables . The expression r + x: 7 -

denotes the set r - {x: S} U {x : r} if r assigns type S to x, or the set r u {x: r} otherwise.

We now define a provability relation for this logic.

DEFINITION 2.3 . Let F- be a provability relation between a signature on the left and either
a term or pair t : ,r where t is a term and r is a type expression . The symbol F-* is an
abbreviation : r F* P means r F- P: meta and r F- P. Below are the axioms and inference
rules for P .

(ro) r F T: meta, r F- n: meta -+ meta -+ meta, r F
T

: r --4 r --+ meta, r F-
Vr : (r -+ meta) ---+ meta, and r F- 3 ., : (r --+ meta) --+ meta .

(TI) If x : r E r then r F- x: r .
(r2 ) If r P M: ,r -+ S and r F- N : T then r F- MN: S .
(T3) If r + x: r F- M: S then r F- Ax M: r -+ S .
(T) r F- T .

(=) If r F- M: T, r F- N: r, and M /ail-converts to N then r F- m --I- N.

(l;) If r + x: r F-* N
6

M then r F- Ax N '---6 Ax M .
(A) If r F-* P and r F-* Q then r F- P A Q .
(3) If r F-* [N/x]P and r F- N :T then r F 3Tx P .
(V) If r + x: ,r F-* P then r F- VTx P .

A proof of P from r is a list of pairs (r l ,Pi), . . ., (r,,, P„) where n > 1 and (i) r„ is
r and P is P,,, (ii) for all i = 1, . . . , n, r i F- Pi is either an axiom (an instance of (ro),
(Tl), or (T)) or results from previous pairs by an inference rule. If r is empty, we write
F- P instead of r F- P .

The axioms and rules (TO), (ri), (r2), (r3) are those necessary to impose the simple type
discipline on A-terms. The axiom (=) is, of course, a powerful axiom, capturing all of
irk-convertibility in one rule. This rule, however, is decidable for A-terms that have simple
types (Chapter 13, (Hindley & Seldin, 1986)) .

Signatures only change in the inference rules (V) and (i) . In essence, a constant is dis-
charged during these rules : this is best compared to the discharging of an assumption in
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the proof of an implication in natural deduction . Signatures are often called type assign-
ments elsewhere. We shall prefer the former term since we think of variables occurring
to the left of I- as actually playing the role of constants with respect to unification .

It is immediate to see that the conclusion of the six rules (T), (=), (i), (A), (3), and (y)
could all be written with I-' substituted for I- . Hence, if r I- P is provable, either P is of
the form t : ,r or it is T, an equation, a conjunction, an existential, or a universal formula
such that r I- P: meta . In either case, the free variables of P are assigned some type by
r.

The following two propositions are simple consequences of this definition of provability.

PROPOSITION 2 .4 . Let r F- t : T and r I- s: T . F F- t = s if and only if t #17-converts to s .

PROOF. In the reverse direction, this is simply the inference rule (=). The forward di-
rection is not so immediate since there are two inference rules, namely (t :) and (=), that
can prove an equation. If r F- t= s then there is a proof of this fact that is built first
of typing rules (To) - (T3), a single instance of (=), and then some number n > 0 of (l;)
rules. The conclusion of the (=) rule must be of the form

r+xi :T1+ . . .+xn:TnF't' a s'

where T is Tl --+ . . .Tn -+ 5 and t and s are equal up to tx-conversion to Ax, . . . Ax,, .t'
and Ax1 . . . Axn .s', respectively . Since t' and s' are an-convertible, so are the terms
Ax 1 . . . Axn .t' and \x l . . . Axn .s' . D

Adding the inference rule (c), therefore, does not enrich the equations that can be
proved using flit-conversion. This rule is added so that the following proposition will
hold .

PROPOSITION 2 .5. Assume that x is not in F and let r F- N: T -* 5 and r F- M : T
Then, r F- VTx.Nx = Mx if and only if r F- N '---a M.

PROOF. Assume r F- V x.Nx =' Mx . Then this is proved from r + x : ,r I- Nx 6 Mx,
from which we can conclude by (l;) that r I- AxNx '=° AxMx . By Proposition 2 .4 and +t-
conversion, we have r F- N M . If we assume r I- N '=` M then r + x : T F- Nx -`- Mx
since Pit-conversion is a congruence relation . Finally, by (V), we have r I- V,rx.Nx 6 Mx .
0

The next proposition follows immediately from the fact that it is decidable to determine
if an untyped A-terms has a simple typing and to determine fln-convertibility for simply
typed A-terms .

PROPOSITION 2.6 . Let r be a signature and let P be a A-term that does not contain any
occurrences of 3 . It is decidable whether or not r F-' P .

The following proposition lists several transformations of terms of type meta that are
useful for several later manipulations . We shall think of such transformation rules as
rewriting rules, and as we shall see, no significant property of unification problems are
changed by using these rewriting rules .
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PROPOSITION 2.7 . Let I' be a signature and let P be a A-term such that I' I- P : meta .
Let P' be one of the following modifications of P .

(1) P' is an alphabetic variant of P.
(2) P' is the result of replacing a subterm of the form V,x .N °= M with one of the form

AxN =' AxM, or vice versa .
(3) P' is the result of replacing a subterm of the form Vx .N with N, or vice versa,

provided N does not contain x free and does not contain any existential quantifiers .
(4) P' is the result of replacing a subterm of the formVrx.NAVTx.M with Vx.(NAM),

or vice versa.
(5) P' is the result of replacing a subterm of the form M A T or T A M with M .
(6) P' is the result of replacing a subterrm of the form 3 Tx36yM with 36y3 T xM or a

subterm of the form VTxV6yM with V6yVTxM.
(7) P is the result of replacing a subterm of the form t = t with T .

Then, F I- P' : meta, and F I- P if and only if I' F- P' .

PROOF . Simple inductions on the length of proofs establish the correctness of all of these
rewriting rules . 0

DEFINITION 2 .8 . A unification problem is a closed, 8-normal A-term P such that

(1) F- P: meta,
(2) P is in prenex normal form; that is, no occurrence of an existential or universal

quantifier is in the scope of a conjunction (given condition (1) and the restriction
on the types of logical constants, no logical constant can occur in the scope of an
equation),

(3) if P contains an occurrence of A, it contains no occurrences of T (T denotes an
empty conjunction), and

(4) equations in P are only between terms of primitive type .

Conditions (3) and (4) are not genuine restrictions ; they are added only for convenience .
Given Proposition 2.7, any prefix normal term of type meta can be rewritten into a terms
satisfying these two conditions .

EXAMPLE 2 .9 . Let i be a primitive type. Each of the following are provable :

3 i _,iX.X '=' X

	

viy3,X.X X

	

V X.X = X .

The first term is proved by existentially generalizing over the equation Az z =' Az z .
This term is not a unification problem although it can be rewritten into the unification
problem 3i~iXV,y.Xy = Xy .

The unification problem 3 iX.X ' X is not provable from the empty signature . This
shows that dropping vacuous universal quantifiers is not generally permitted . Similarly,
anti-prenexing rules are not generally valid . For example, while diy3iX[y = y A X= X]
is provable, Viy[y = y] A 3ix[X = X] is not provable .

As this example shows, the nonprenex normal class of terms forms a class that is
interesting on its own right . We shall, however, consider only prenex normal formulas in
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this paper since they will simplify parts of our presentation . While most of the structure
of unification in simple types appears to be illustrated using only prenex normal formulas,
the problem of mixing logical inference with unification cannot be addressed only with
prenex normal formulas . See (Miller, 1991b) for an example of using nonprenex normal
formulas to encode that state of a theorem prover that performs both unification and
logical deductions .

Occasionally, we refer to a prefix as being of a form described by a sequence of V's
and 3's. For example, an important class of prefixes are of the form `d3V . Such a prefix
has zero or more universal quantifiers, followed by zero or more existential quantifiers,
followed by zero or more universal quantifiers. Thus, a prefix that is of the form 3d is also
of the form V3V. A V-prefix is either empty or a sequence of just universal quantifiers .

Unification problems can easily be embedded into formulas of Church's Simple Theory
of Types (Church, 1940) in the following manner . Let P be a unification problem . While
P is technically an untyped \-term, given the fact that it is fl-normal and inferred to
have type meta, every subterm and bound variables of P can be given a unique type . Let
P' be the simply typed A-term where all those types are attached to all bound variables .
Now let P be some particular unification problem and let r1	r.,, (n > 1) be the
primitive types used to build types in the prefix of P . Let T be the formulation of the
simple theory of types over primitive types T1	„ and where meta is identified with
Church's type o . Let F-T be provability as in (Church, 1940) except that the axioms of
choice, description, and infinity are not assumed . The following theorem can be proved
by using the cut-elimination theorem for T (see (Andrews, 1971), for example) .

THEOREM 2.10 . If xl, . . . , x„ are distinct variables, then x1: Ti . . . . x,, : T„ F- P if and
only if F-T P* .

The signature {x 1 : Tl . . . , x,, : T„ } above is needed to assure that there exist terms of all
types. Given the characterization of F-T using general models (Henkin, 1950 ; Andrews,
1972), we can conclude from this theorem that F- VT1 x1 . . .VT„x„P if and only if P' is
true in all general models .

In the next section we present a characterization of provable unification problems using
substitutions .

3. Prefix as Declaration

Besides declaring type information for constants and variables in a unification problem,
a prefix also indicates, by the relative positions of variables in the prefix, which constants
can appear in substitution terms for which variables . For example, the unification problem
Viyi f 3ixViw[(f w) = x], where i is a primitive type, has no solution : trying to instantiate
x with (fw) will fail to yield a valid equality since the rules of substitution require that
the bound variable w in the prefix be changed to some other variable to avoid variable
capture. Thus, the resulting equation would be between (f w) and (f w') where w would
be a free variable and w' would be a bound variable . Here, the prefix declares that any
substitution term for x may contain f free but may not contain w free . The following
definitions help to formalize this constraint on substitutions .

DEFINITION 3 .1 . A quantifier prefix (prefix for short) is a finite list of distinct variables
quantified using typed versions of either universal or existential quantifiers . Let Q be a
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prefix. The A-term t is a Q-term if t contains no constants other than the logical constants
and all the free variables oft ane bound in Q . If t is a Q-term we will call the pair Qt a
prefixed term . Such a prefixed term is of type 6 if r i- t: ©, where r is the set of pairs x : ,r
where x is bound by either ` 1. or 3 . in Q. Finally, the prefix term Qt is fl-normal if t is
#-normal, and two prefixed terms Qtl and Qt2 with the same prefix are fl-convertible if
tl is A-convertible to t2 .

Given a prefix Q and an untyped A-term t, it is decidable whether t is a Q-term of a
given type. The type of t, however, is not uniquely determined, in general, from Q. For
example, the untyped A-term Aw.w can be given the type r -+ r for any type r with
respect to any prefix Q . However, the type of all subexpressions and bound variables of a
0-normal prefixed term are uniquely determined from a type given for the prefixed term .
Finally, unification problems can be thought of as being prefixed terms : that is, if P is of
the form QV where Q is a string of quantifiers and D is a (possibly empty) conjunction
of equations, then QD is a fl-normal prefixed term of type meta .

DEFINITION 3.2 . Let Q be the prefix Q1QzQ2 for prefixes Q1 and Q2. If y is bound in
Ql then y is to the left of x in Q . If y is bound in Q2 then y is to the right of x in
Q. Often reference to the prefix Q is dropped when it is obvious which prefix is being
considered.

Next we define what it means to substitute into a prefixed term .

DEFINITION 3 .3. Let Q be a prefix of the form Q 13TxQ2 . A term s is Q-closed for x if
the free variables of s are universally bound in Q1 and r i- s : 7- where r is the signature
that associates to universal variables in Q1 the type at which they are bound in Q1 .

A finite set 8 of pairs is a Q-substitution if, whenever (x, s) E B, x is existentially
quantified in Q and s is 8-normal and Q-closed for x. Also, 8 must be functional; that
is, if (x, sl) and (x, s2) are members of B, then sl and 82 are equal terms. Finally, if
(x, s) E B then x is in the domain of B and s is in its range .

A Q-substitution a can be considered as the following function on Q-terms . If 8 is
empty, then O(Qt) := Qt. Otherwise, let (x, s) E 9, let Q be Q13xQ2 i and let 9' :_
B-{(x,s)}. Set O(Qt) := B'(Q1Q2[s/x]t) . It is easy to show that since s does not contain
any free occurrences of variables in the domain of B, this definition is independent of the
choice of (x, s) from 8. We shall generally write the substitution {(xl, sl), . . . , (x,,, s•)}
with the more suggestive notation [xl +--+ s1, . . . , x• ~-+ s•] .

Two Q-substitutions are considered equal it they map the same existentially quantified
variable to terms that are t7-convertible.

There are prefixes Q for which no Q-substitution exists .

DEFINITION 3 .4. Let Q be a prefix of the form Q13TxQ2. If there is no Q-closed term
for x then we say that this occurrence of 3,. in Q is empty .

Clearly, a Q-substitution exists if and only if all existential variables of Q are nonempty.
Fortunately, determining whether or not there is a Q-substitution given Q is decidable
since it is equivalent to proving formulas in intuitionistic propositional logic . In particular,
a type, say r, can be thought of as denoting a formula in propositional logic defined by



Unification Under a Mixed Prefix

	

329

considering all its primitive types as propositional symbols and by considering the type
constructor --+ as implication .

DEFINITION 3.5 . Let A be a finite set of types and let T be a type . The binary relation

A I-j T defined by the three rules below determines intuitionistic provability for proposi-
tional implication logic .

(1) If T E A then A F-j r .
(2) If {Tl} U A F- j r2 then 0 I-j rl -+ r2 .
(3) If 61 -4 62 E 0, A F-j 6 1 , and {62} U A F-j T then A F-j T.

This relation is shown to be polynomial-space complete in (Statman, 1979) .

The following proposition follows immediately from well known results (Hindley &
Seldin, 1986) .

PROPOSITION 3.6. Let Q be a prefix, let A be the set of types attributed to the bound
variables in Q, and let r be a type that does not contain the type symbol meta . A F-1 r if
and only if there is Q-term t of type T .

DEFINITION 3 .7 . Let P be a unification problem with prefix Q . A Q-substitution 0 is a
solution to P if its domain is the set of all existential variables of Q and I- OP. Since OP
contains no existential quantifiers, determining if OP is provable is decidable (Proposition
2.6) .

Given these definitions, we can now use substitutions to characterize those unification
problems that are provable .

THEOREM 3.8 . If P is a unification problem, then F- P if and only if P has a solution.

PROOF. The proof is a straightforward proof by induction on the length of the prefix of
P. O

Thus, given a Q-substitution, it can be decided whether or not it is a solution to P . In
general, however, it is undecidable whether or not P has a solution . This was first shown
for third-order unification problems independently by Huet (1973a) and Lucchesi (1972)
and then later for second-order unification problems by Goldfarb (1981) . A variation on
Goldfarb's result is presented in Section 8 .

One final observation concludes this section . Its proof is simple and omitted .

PROPOSITION 3 .9 . The set of solutions to a unification problem does not change when us-
ing the rewriting rules in Proposition 2 .7. In the case of the first rule using a-conversion,
the names of the variables in the corresponding substitutions must be changed to account
for the change of bound variables in the prefix .

The set of solutions for a given unification problem occasionally has a regular structure .
For example, a first-order `d3-unification problem that has any solution can have all its
solutions described as closed instances of a most geneml unifier (mgu). Recognizing the
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presence of mgu's is valuable for numerous theoretical and practical considerations . As is
well known, however, the unification problems we are considering here do not generally
have mgu's. The problem of finding a suitable replacement for mgu's as a characterization
of large sets of solutions is addressed in Section 10 .

4 . Skolemization

Consider the two propositions
Y1.x36y P and 3z,6fdTx [fx/y]P.

	

(1)
If we consider validity in general models, then it is valid that the second formula implies
the first . A choice principle is needed to show that the first entails the second . If we
dualize the quantifiers in (1), we get the two formulas

3rxd6y P and V,-6f3 .x [fx/y)P.

	

(2).

In this case, the forward implication is valid while the reverse implication requires a
choice principle . We shall show in Section 5 that when restricted to just the setting of
unification problems, one of the formulas in (1) is provable if and only if the other formula
in (1) is provable (choice is not needed) . A similar relationship holds for the two formulas
in (2) only if certain restrictions are made on unification problems . These restrictions are
investigated in this section .

The process of replacing the first formula in (2) with the second formula will be called
Skolemi,zation. Notice that in the theorem proving literature, Skolemization is generally
defined with respect to the first pair of formulas above since that literature is often
involved with searching for refutations of the negation of proposed theorems . Since we
shall be looking for direct proofs and not refutations, Skolemization is properly presented
using the formulas in (2) .

Skolemization can be described from the syntactic point of view as follows : the scoping
of quantifiers in 3,.xd6y P prohibits the variable y from appearing in the substitution
term for x. Replacing the variable y in the first formula of (2) with the term f x will
successfully encode this restriction : if t is the substitution term for x, then t cannot
contain a subterm occurrence of ft .

For our purposes here, the usual presentation of Skolemization for first-order logic (see,
for example, (Andrews, 1986)) is problematic on at least four accounts . First, a formal
mechanism for forcing Skolem functions f to be new is generally achieved by enriching
the logic with a denumerably infinite collection of constants that are not permitted in
proposed theorems. These constants only enter the prover via Skolemization . As has
already been described, we have a simpler and more elegant method for guaranteeing
`newness" using prefixes: the Skolem function must be declared in the prefix of the unifi-
cation problem and there, as all quantified variables, it must be different from any other
variable declared for that problem. This way of writing Skolemization is also appealing
since it can be viewed as a left rotation of a universal quantifier over an existential quan-
tifier. This is particularly interesting since a dual operation, that is, a left rotation of an
existential quantified variables over a universal quantifier, will also interest us (Section
5) .

A second and more serious problem is that Skolem functions should not be used in
abstractions as if they are genuine functions . Unrestricted uses of Skolem functions in
substitutions can only be justified if choice principles are permitted, but such are not
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available in the proof system presented in Section 2. Consider the following example . In
this section, we shall assume that a and b are two primitive types .

EXAMPLE 4 .1 . The unification problem d(a--.b)_,az3aXVbY T has no solution: since there
is no intuitionistic proof of a from (a -+ b) -+ a, there is no )1-term of type a whose only
free variables are of type (a --+ b) --+ a . If we Skolemize this formula by moving the
bound variable y to the left, we get d(a-b) ..azda-.bf 3aX T, which does have the solution
X ~--+ z(Aw(f w)) (which is equal to the substitution X +--+ zf ) .

Here, the Skolem function f is used as a first class function and not as the simple
syntactic device motivated above. If Skolem terms are used only as such a device, then
whenever f has type -r --+ b and there are no Q-terms of type r, then there should be
no QVT-af-terms containing the function f. A restriction on Skolem functions will be
presented later in this section by the introduction of "ranked" universal quantifiers . The
aspect of unsoundness demonstrated by this example will be fixed by ranks .

A third problem with Skolemization arises when the solutions to unifications problems
before and after Skolemizing are compared . It is most desirable to have a bijection be-
tween solutions of a problem and its Skolemized form . Unfortunately, there appears to
be no such bijection . A "deskolemizing" mapping can be defined but it will not generally
convert all solutions to a Skolemized problem back to solutions of the original problem .
Furthermore, when deskolemizing can be used, it may be many-to-one, a fact that is
illustrated in the next example.

EXAMPLE 4.2 . The unification problem Vaz3aXVay T has exactly one solution, namely
X i-+ z. The Skolemized form of this problem, namely Vazba-+a f 3oX T, has an infi-
nite number of different solutions, namely X +-+ z, X +-+ f z, X ~-+ f (fz), etc . The
deskolemization process described later will be able to collapse all of these solutions into
the solution above by identifying f with the constant-valued z function.

There seems no easy way to improve Skolemization in order to solve this many-to-one
correspondence of solutions. Skolemization adds redundancy to a unification problem .

Our final problem with the use of Skolem functions is the most serious and illustrates
an aspect of empty types that is not illustrated by Example 4 .1 .

EXAMPLE 4 .3 . The unification problem V azdb-ag3aXVby T has exactly one solution,
namely X i -+ z . Its Skolemized form, that is, dazdb-,agVo .bf3 a X T has an infinite
number of solutions; X +--+ z, X '-+ g(f z), X +-' g(f (g(f z))), etc . No simple interpretation
of the Skolem function f would seem to identify all of these substitution terms since there
is no bazVb_,ag-term of type b.

In this example, the prefix to the left of the existential variable X in the original
unification problem does not provide enough variables to build a term of type b . After
Skolemization, however, the prefix to the left of X can be used to build a term of type
b and that term can be use to build new terms of type a. There seems to be no way to
identify the new term of intermediate type b built using f with any term in the original
problem .

As we shall see in Theorem 4 .11, if the type of the variable that gets Skolemized is
nonempty (with respect to the prefix to the left of the existential variable), then all



332

	

D. Miller

solutions to the Skolemized problem can be deskolemized to solutions of the original
unification problem .

As was mentioned above, part of the approach to making Skolem functions sound in
this setting is to restrict their occurrences within substitution terms. The notion of rank
must first be introduced .

DEFINITION 4.4 . The constants Vr, where r > 0 and r is any type with r or more
argument types, are called ranked universal quantifiers . A variable bound by VT is said
to have rank r . The quantifier d© is identified with VT . The logical constant bT has the
same type as the logical constant Vr .

Ranked universal quantifiers will now be permitted in the prefixes of unification prob-
lems. Let bT quantify the variable x and let r be of the form T l -4 . . . -a r, --i rro
with -ro a primitive type and r < n . Then, n is the maximum number of arguments that
occurrences of x can have, while as we define below, r is the number of arguments that
occurrences x must have. Several of our definitions regarding prefixes must now be ex-
tended. The most fundamental extension is in the following definition : other extensions
are more immediate . The motivation for the following definition, however, has already
been presented: variables that have a positive rank play the role of Skolem functions :
they cannot be permitted to act as genuine functions .

DEFINITION 4.5 . Let Q be a prefix containing possibly positively ranked universal quan-
tifiers . The )-term t is a Q-term if (i) t contains no nonlogical constants and all the free
variables of t are bound in Q, (ii) if t contains a free occurrence of r-ranked universally
bound variable then that occurrence must have at least r arguments, called its necessary
arguments, and (iii) ifany variable has a free occurrence in any necessary argument then
that free occurrence is also free in t .

The aggregation of a ranked variable with its necessary arguments is intended to be
the name of a single, new object . The condition on free variable occurrences in necessary
arguments makes certain that an abstraction is not made into that name .

EXAMPLE 4.6 . Let Q be the prefix b'a-afVQ,Qg3a-,a_QAVax . Then (f x), (f(gx)), and
Aw(Aw(gx)) are all Q-terms. On the other hand, f, Aw(fw), and .w(A(gx)(fw)) are
not Q-terms .

Notice that the complications mentioned in Examples 4.2 and 4 .3 are not solved if
we add ranks to the Skolem functions in them and reinterpreted Q-terms using ranked
quantifiers. The proofs of Propositions 4 .7 and 4.9 below can be found in (Miller, 1987) .

PROPOSITION 4.7 . Let Q be a prefix and let t be a Q-term of type r . If t is r<-convertible
to t' then t' is a Q-term of type rr . If t fl-reduces to t' then t' is a Q-term of type r . In
particular, if Q = Q13•xQ2 and s is a Q1-term of type 5, then [s/x)t is a Q-term of type
r .

The converse of the statement regarding (i-reduction is not true : if t' reduces to the
Q-term t then t' is not necessarily a Q-term. For example, if Q is VayVa-au, then the
term y is a Q-term while ( ) w y)u is not .
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DEFINITION 4 .8 . Let f be a variable, and let s, t, and A be a-teens. The deskolemizing
operation DIt is defined as follows : DftA is the result of replacing all subterms of A that
are f3v -convertible to f t by s . Of course, it may be necessary to change bound variable
names in A to avoid capturing free variables of s .

Given that we equate two terms if they are alphabetic variants of each other, the
operation D.f' is technically not well defined . For example, if Df," is applied to the
two equal terms \x.a(f x) and .z.a(f z), two different answers result, namely )\x.ay and
.\z.a(fz) . Fortunately, this cannot happen if f is declared to have a positive rank. For
example, we have the following result .

PROPOSITION 4 .9. Let Q be the prefix Q1VP+ i6f3,xQ2i let t be a Q1-term of type r, and
let A and B be Q-terms. Then all the following are true .

(1) Any occurrence of y in DytA will have at least p arguments and any free variables
in that occurrence's first p arguments are free in DytA .

(2) If A is fl-reducible to B then Dy 'A is ,0-reducible to DytB.
(3) If A is the fl-normal form of B, then DytA is the #-normal form of Df, tB .
(4) If A is r7-convertible to B then DytA is -q-convertible to Df'B .

The term DytA may not be a Q 13xb'PyQ2-term since it may contain occurrences of f .
We can, however, prove the following .

LEMMA 4.10 . Let Q be the prefix QlbP,+,6f 3,.xQ2i let t be a Q-term of type r, and let A
be a Q-term. Also assume that there exist Q1-terms of type 6. Then A can be completely
"deskolemized" with respect to f in the following fashion. Let {t, ul, . . . , u,,,} (m > 0) be
a set of terms that contains all terms u such that f u is a subterm of A. Let d1, . . . , dm
be a list of (not necessarily distinct) Qi-terms of type 6 . The term

A' := Dd"' ( . . . (Dafu- (DytA)) . . .)

is a Q13xVPyQ2-term.

PROOF. Clearly, A' contains no occurrences of f. Consider an occurrence of the p-ranked
variable y in A'. Such an occurrence of y arises from removing an occurrence of ft,
which has at least p arguments. Hence, all the occurrences of y in A' have at least p
arguments. Finally, applications of the D operator cannot introduce any new bound
variable dependencies. Therefore, A' is a Q 13xVPyQ2-term . 0

The following theorem establishes the completeness for Skolemization . Soundness is
only established in the case that the type of the variable being Skolemized is nonempty .

THEOREM 4.11 . Let V be a conjunction of equations such that

Q13,xVyQ2V

	

(*)

is a unification problem. If this problem has a solution, the unification problem

Q1rt,6f3,xQ2[fx/y]D

	

(**)

has a solution . If there exists a Ql-term of the type 6, the converse is true .
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PROOF. Let 0 be a solution for (*) and let t be Ox. Let

9' := {(z, [ftly]s) I (z, s) E 9} .

It is easy to verify that this substitution is a QlVP+1f3xQ2-substitution . Furthermore, if
u and v are two terms such that 9u and 9v are ©rl-convertible, then [f t/y]9u and [f t/y]9v
are ©r7-convertible. These last two terms, however, are simply equal to 9'([fx/y]u) and
9'([fx/y]v) . Hence, 9' is a solution to (**) .

Let 9 be a Q1Hp+ 1f3xQ2-substitution that is a solution to (**) and let t be Ox. Let
{t, u 1i . . . , u,,, } (m > 0) be a set of terms that contains all terms u such that f u is a
subterm of some term in the range of 9 . Let d1 , . . . , 4, be a list of (not necessarily distinct)
#-normal Q1-terms. Finally, let E be the operation Es := Dfu' ( . . . (De"'(Dfts)) . . .),
and let 9' := {(z, Es) (z, s) E 9} . We now show that 9' is a solution to (*) .
Let (z, s) E 0' . If z is in the prefix Q2 then s will contain no occurrences of f but may

contain occurrences of y . If z is x, then s is Et, which cannot contain any occurrences
of y since ft is not a subterm of t . If z is in the prefix Q 1 then Es is the same as
s since s contains no occurrences of f. Thus, using Lemma 4 .10, 0' is a Q13xb"yQ2-
substitution . Furthermore, let u and v be two terms such that 0([fx/y]u) and 9([fx/y]v)
are ©r7-convertible . These two terms are also equal to [ f t/y]9u and [f t/y]9v, respectively.
By repeated use of Proposition 4 .9, the two terms E([ft/y]9u) and E([ft/y]9v) are ©rl-
convertible . But these terms are equal to E(9u) and E(Ov), which are the terms 9'u and
9'v . Hence, 9' is a solution to (*). D

DEFINITION 4.12. If P is the unification problem (*) and P' is the unification problem
(**) above, we say that P' is the result of Skolemizing P at V y .

EXAMPLE 4 .13 . The unification problem

da_+afda-.agdau3oXday3Z[(fX(9y)) _ (fuZ)]

can be Skolemized to the unification problem

da-.ofVa-.agdauba_,ak3aX3aZ[fX(9(kX))= fuZ] .

This problem has the solution {(X, u), (Z, g(ku))} and it can be deskolemized to {(X, u),

(Z, 9y)}
For another example, consider the unification problem

Va,a-,a9dax3a,aFVay3aZ[Fy _ gyx A Z = Fy] .

This can be Skolemized to the unification problem

Va-.a-.agVaxd(a-.a)--.ak3a_,aF3aZ[F(kF) _• g(kF)x A Z = F(kF)] .

Here, gx is a da-.a-.agVax-termn of type a -+ a . There is exactly one solution for this
unification problem, namely,

{(F, Aw(gwx)), (Z, 9(k(Aw(9wx)))x)} .

If this solution is deskolemized, we get a solution for the original unification problem,
namely, {(F, Aw(gwx)), (Z, gyx)} .

EXAMPLE 4 .14. If we return to Example 4 .3 and make certain that the type of the



Skolemized variable is nonempty, we notice that deskolemizing will work correctly . Con-
sider the modified unification problem VbwdazVb--+ag3aXVby T and its Skolemized form

VbwV ZVb_,agVLbf 3oX T.

This latter unification problem now has solutions X H z, x i (gw), X H g(f z),
X '--- g(f (g(f z))), etc . We can now deskolemize any of these solutions by replacing
the subterms f z, f (g(f z)) etc . with w . All these solutions collapse down to just the two
solutions for the original problem, namely X H z and X H (gw) .

The more general case of Skolemization for nonprenex normal formulas of a higher-
order logic is studied in (Miller, 1987) . In the next section, we present the dual to Skolem-
ization mentioned earlier .

5. Raising

The dual operation of rotating an existential quantifiers to the left over a universal
quantifier will be called raising . In comparison to Skolemization, the metatheory of this
rewriting process is particularly simple . It requires no new declarations, such as ranked
quantifiers . Solutions before and after raising can be placed in one-to-one correspondence .
The following theorem is the main result of this section .

THEOREM 5 .1 . Let V be a conjunction of equations so that

Q1 V ry36XQ2D

is a unification problem. This problem has a solution if and only if the unification problem

Q13r-.8hdryQ2[hy/x]D
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(**)

has a solution. Furthermore, a solution for either problem can be transformed in a one-
to-one fashion to a solution of the other problem .

PROOF . Let 0 be a solution to (*) and let t be Ox. Set 0' := 0 - {(x, t)} and 0" :_
0' U {(h, Ayt)} . Clearly, 0" is a Q13hdyQ2-substitution . Also, B"([hy/x]D) is equal to
[(Ayt)y/x](9'D) which is nothing more than 6D. Hence, 0" is a solution for (**) .

For the converse, let 0 be a solution for (**) . Let t be the value of Oh, and set 0' :_
B-{(h, t)} and 0" := 9U{(x, ty)} . Clearly, 0" is aQ1dy3xQ2-substitution . Now, 0[hy/x]D
is equal to [ty/x]9'D which is the same as 8"D . Hence, 0" is a solution to (*) .

The translations of solutions given in this proof put the solutions for (*) in one-to-one
correspondence with the solutions for (**) . 0

DEFINITION 5.2 . If P is the unification problem (*) and P is the unification problem
(**) above, we say that P is the result of raising P at 36x .

EXAMPLE 5.3 . Let a be a primitive type. The unification problem

Vasa-.afVay3a-.aX`daz[Xz = f zy]

can be raised twice to

3(a- a- a)-.a- a- aHda- a-+afVaydaz[Hfyz = f zyl .

(*)
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Using Proposition 2.7, this is solvable if and only if

3(a- .a-+a)-+a-+a-+a H [AfAyaz. H f yz = of AyAz .f zy]
is provable . Here the type on this last equation is (a -* a - a) -+ a -a a -+ a. Since the
left-hand side of the equation is +l-convertible to H, the only solution to this unification
problem is {(H,AfAyAz.fzy)} . By the proof Theorem 5 .1, we know that the original
unification problem has exactly one solution, namely {(X,Az.fzy)} .

Raising is closely related to a translation used in (Statman, 1981) where several sim-
plifications in the presentation of unification problems are made . First, a unification
problem with a 3dprefix of the form

3x1 . . . 3xn`dy1 . . . dyp [t l = Sl A . . . A tm = sm]

	

(*)
is encoded by the two A-terms

M1 := Ax1 . . . Axn Ay 1 . . . AypAz(zt1 . . . tm) and
M2 := Ax, . . . AxnAyl . . . AypAz(zsi . . . s n ) .

The unification problem in (*) has a solution if and only if there is a list of A-terms,
N1, . . . , Nn such that for all i = 1, . . . , n, Ni can be given the same type as xi is given in
the prefix and such that

MiN1 . . . Nn ,0*-converts to M2N1 . . . Nn .

	

(**)

A second simplification in (Statman, 1981) is that constants are not allowed in the
terms Ml and M2 . Assume that the constants c l , . . . , cq (q > 0) occurred in (*) and
hence in the terms Ml and M2. Let z1, . . . , zq be variables that have no occurrences in
(*) and let tp be the mapping that when applied to a A-term, replaces the constant ct
with zi for all i = 1, . . . , q. Instead of using Ml and M2 to denote the unification problem
(*), Statman uses the following two constant-free terms :

Mj := awl . . . AwnAzl . . . Azq(((PM1)(wlzl . . . zq) . . . (wnzl . . . z9)) and
M2 :_ Awl . . . AwnAz l . . . Azq((S0M2)(wlzl . . . zq ) . . . (wnzl . . . zq)) .

It is easy to show (**) is satisfied if and only if

Mi Ni . . . N„ /3i/-converts to M2Nl . . . Nn,

where, for i = 1, . . . , n, N; is equal to Az 1 . . . AzqWNi . In this sense, it is always possible
to replace constants appearing in unification problems with abstracted variables .

The relationship of this translation of unification problems to raising is immediate . If
the unification problem (*) contained the constants cl , . . . , cq , we would have chosen to
declare them explicitly in the prefix of (*) ; that is, we would have written the unification
problem as

Vzi . . .Vzg 3xl . . . 3xndyl . . . `dyp[Wtl = Wsl A . . . A cotm = Wsm] .

By repeatedly raising its existential variables, this problem could be written into the
form

3w1 . . . 3wnbzl . . . dzgVy1 . . . dyp[Ptl = psi n . . . A Ptm = Psm],
where, for i = 1, . . . , n, wi is the result of raising x i by moving it left over dzi . . . Vzq , and
p is the substitution that results in applying cp and then replacing xi with (wszi . . . zq )
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for i = 1, . . . , n. This latter unification problem is represented by the pair of A-terms Mi
and M2* .

The operation of `d-lifting in (Paulson, 1989) is also related to raising in the sense that
it can be presented as the backchaining inference rule followed by a sequence of raising
steps (see (Miller, 1991b)) .

6. Simplifying the Prefix of a Unification Problem

Skolemization can be used to rewrite a unification problem into a problem with a `d3-
prefix: repeatedly move universal quantifiers left over existential quantifiers increasing
their rank and their type as they move . Once a d3-prefix is constructed, all the universal
quantifiers can be replaced by "ranked" constants . The resulting unification problem is
purely existential and as such can be dealt with by conventional unification processes,
modified if necessary to handle such ranked constants . Since A-abstractions are not avail-
able in the first-order setting, first-order unification does not need to be so modified . We
show in the next section how the unification of A-terms must be modified to deal correctly
with ranked constants . Once a solution for the simplified unification problem is found, it
can be converted to a solution of the original problem by repeatedly deskolemizing the
solution, provided that all the types of Skolemized quantifiers are not empty .

In a similar manner, any prefix without positive ranked universal quantifiers can be
rewritten using raising until it is an 3V prefix . The resulting unification problem can
further be simplified by taking the universally quantified variables in the prefix and
A-abstracting them over the terms in all the equations of the problem. The resulting
unification problem again has only an existential prefix, with terms containing possibly
long binders and high orders . For each universal quantifier an existential quantifier is
moved over, the type of the variable being quantified is raised by giving it an additional
argument. Thus, a unification problem that is first-order, that is, in which the existentially
quantified variables are all of primitive type, would be converted to a unification problem
with functional variables . This may seem undesirable given that several useful properties
of first-order unification do not hold for unification involving functional variables . As
shown in Section 12, the complexity introduced by raising is particularly simple . A raised
first-order unification problem has a decidable unification problem and most general
unifiers.

The two rewriting processes, Skolemization and raising, can be used together in the
same prefix. Once a universal quantifier is moved left by Skolemization, no existential
variable can be move left past it since raising can only involve universal quantifiers of rank
zero. Prefixes of the form V3V represents a natural reduction class for unification prob-
lems: the outermost universal quantified variables denote the constants of the problem
while the inner most universal quantified variables denote the top-level A-abstractions .

Of course, it is should be possible to take existing unification algorithms and modify
them so that they can deal directly with general unification problems . This is the topic
of the next section .

7 . Reducing Unification Problems

This section is an adaptation of part of (Huet, 1975) to our mixed prefix setting .
Several rewriting methods are presented that convert unification problems to, hopefully,
more solvable problems .
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Following standard convention, equations occurring within unification problems will
also be called disagreement pairs. The following classification of prefixed terms and dis-
agreement pairs is central to the unification process describe below .

DEFINITION 7 .1 . Any (3-normal prefixed term Qt can be written uniquely as

QAx1 . . . Axn(yti . . . tm)

where n > 0, m _> 0, and y is a variable . The binder of this term is the list xi, . . . , xn ,
its head is the variable y, and its arguments are the terms t 1i . . . , tm .

If y is existentially quantified in Q, then Qt isflexible . Otherwise, y is either universally
bound in Q or a member of the binder oft : in either case Qt is rigid .

Let P be a unification problem with prefix Q and let t - s be an equation of P. (Of
course, z is a primitive type.) This equation is rigid-rigid if both Qt and Qs are rigid, is
flexible-flexible if both Qt and Qs are flexible, and is flexible-rigid otherwise.

This classification is important because it captures the one invariance about sub-
stitution and ,0-normalization that we will use repeatedly : if Qt is rigid, then any Q-
substitution instance of Qt is rigid and has the same head as Qt . This invariance justifies
the following simplification of rigid-rigid disagreement pairs . Let ht, . . . t, = ks i . . . s q be
a rigid-rigid disagreement pair in a unification problem with prefix Q. If these two terms
are to have instances that are A-convertible under some substitution, their heads must be
the same, p and q must be equal, and for i = 1, . . . , p, t i and s, must be simultaneously
unifiable under the prefix Q .

EXAMPLE 7 .2 . Using these observations, we can rewrite the unification problem

`d((i_=) .i)_,i. iPia2;V3i_tWVtb[f(Ax(xa))V -f(Ay(yV))(Wb)]

into the term

`dfdaBVBWVb[Ax(xa) ('_=') ` Ay(yV) A V - Wb] .

This is not a proper unification problem . Using Proposition 2.7, this term has the same
solutions as the unification problem

V f`da2V3WVbdi.ix[xa = xV A V = Wb] .

This problem contains a rigid-rigid pair and can be rewritten as

VfVa3V2WVbVx[a = V A V = Wb] .

This final unification problem contains no rigid-rigid disagreement pairs and cannot be
simplified in this manner any further . The first pair is flexible-rigid while the second is
flexible-flexible .

DEFINITION 7 .3 . Let P be a unification problem that contains an equation of the form
kt i . . . t o = ksi . . . s„ (n >_ 0). The process of rewriting P by replacing this equation with
the conjunction ti = si A . . . A to = sn and then using Proposition 2 .7 repeatedly to
make the resulting term a unification problem is called the simplification rewriting step .
If n = 0 then T replaces the equation k = k. A unification problem that contains no
rigid-rigid pairs with the same head is a simplified unification problem.

The following proposition follows immediately.
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PROPOSITION 7.4 . Using simplification and the rewriting rules (1), (2), (4), and (5) of
Proposition 2.7, a unification problem P can be rewritten to a unification problem, say
P, in which there a m either no rigid-rigid disagreement pairs or where some rigid-rigid
disagreement pair is composed of terms with different heads. In either case, the solutions
to P' are exactly the same as the solutions to P . Furthermore, P' is unique modulo
cY-conversion and the ordering of the rightmost universal variables of the prefix .

Further analysis of disagreement pairs will require the use of substitutions for existen-
tially quantified variables . These substitutions will not, in general, be Q-substitutions
(where Q is the prefix of the unification problem in question) since such substitutions
replace existential variables with essentially closed or completed terms. We shall need the
flexibility in building solutions incrementally by using substitution terms that are open,
that is, that contain subterms that must be determined later . To this end, we introduce
the following definitions .

DEFINITION 7.5 . Let Qt be a prefixed term where Q is of the form Q13rf Q2 . A prefixed
term Q13H1 . . . 3H„s (n >_ 0) is Q-free for f if it is of type T . Here, we may assume that
the variables H l , . . ., H„ are not bound in Q. The result of substituting s for f in Qt,
written as [f '--+ s]Qt, is the prefixed term

Q13H1 . . . 3H„Q2([sl f]t) .

Similarly, if P is a unification problem, it can also be thought of as a prefixed term. Thus,
the term [f i-4 s]P can be made into a unification problem by using $-reduction and the
rewrites in Proposition 2. 7.

If Q is of the form Q,3, f Q2 and if Q13H1 . . . 3H„s is Q-free for f, the substitution
[f s-' s] is not generally a Q-substitution because s may contain existential variables of
Q1 or it may contain new existential variables (namely, Hl, . . ., H„) . We shall make use
of these kinds of substitutions, however, to build solutions for unification problems . The
substitutions of the form [f f-+ s] used in this section will all be such that free variables
of s are either universal variables of Q1 or are new existential variables . It will not be
until Section 10 that such substitution terms will contain existential variables of Q1 .

DEFINITION 7 .6 . Let a be a Q13H1 . . .3H„Q2-substitution and let Q13H1 . . .3H„s be
a prefixed term that is Q13 .fQ2 free for f . The composition of [f u--+ s] with a, written
[f H s] o a, is the Q13 fQ2-substitution given by

{(f,s')} U {(v,av) I v E dom(a) and v 0 {H1, . . ., H„}},

where s' is the term part of the prefixed term aQ 1 3H1 . . . 3H„s. Composition associates
to the right and satisfies the equation (f o g)x = g(f(x)) .

We shall occasionally suppress stating the prefix of Q13H1 . . .3H„s since it can be
constructed from Q by taking the free variables of s not bound to the left of f as
the variables Hl , . . ., H„ and then determining an appropriate type for those variables .
The following proposition shows that when s is Q-free for f, [f '-+ s] can represent a
component of a final complete solution .
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PROPOSITION 7.7 . Let P be a unification problem with prefix Q =

	

Q134Q2 . Let s be
Q -free for f . Then [f +-+ s]P has solution a if and only if P has solution [f H s] o o, .

PROOF . Let Q13,fQ2t be a prefixed term and let Q13H1 . . . 3H„s be Q-free for f.
Let a be a Q13H1 . . . 3H„Q2-substitution. The ,B-normal form of the formulas a([f H
s]Q13.rf Q2t) and ([f '-+ s] o a)Q13. .fQ2t are the same. Let P be a unification problem
with prefix Ql3rfQ2 . Since u([f H sJQi3TfQ2t) and ([f +--+ s] oa)Q 13.rfQ2t are the
same, [f +-+ sJP has solution v if and only if P has solution [f H s] o a. 0

We can now return to the construction of solutions to unification problems . Consider
the case where only one term of a disagreement pair is rigid ; the other one being flexible .
For example, let ft, . . . tp = ks1 . . .s. be a disagreement pair and assume that f is
existentially quantified while k is a universally quantified . For these to be unifiable, f
must be instantiated with a term that, after /3-normalization, puts k at the head of the
flexible term. There are two general ways to place k at the head since there are two
processes that are used to make these terms equal, namely, substitution and A-reduction .

Straightforward substitution can make the flexible term look like the rigid one if the
substitution term for f has head k . That is, the substitution term imitates the head of
the rigid term. However, A-reduction can also be performed on disagreement pairs after
a substitution. Thus the term substituted for f could be used to migrate subterms of
the flexible term that might contain k into the head position of the flexible term. This
method of placing k at the head of a the flexible term is indirect and, hence, will often
produce several possible substitution terms . Immediate subterms in the flexible term can
be accessed by a sequence of projections. For example, to place the ith argument ti of
the flexible term in the head position, a substitution term for f would be an abstraction
of the variables Awl . . . . wp over a term with w i as its head . The result of substituting
such a term for f and then normalizing will leave a term whose head is equal to the
head of ti. If the head of ti is k then we have succeeded in our goal . If the head is a
universally quantified variable different than k, we have failed and need to backtrack to
other choices . If the head of t i is an existentially quantified variable, we could use such
a projection term again to . access subterms of t i , or try to use imitation on the flexible
head of t i .

Let us now be more precise about both the imitation and projection schemes for
getting a flexible head to match a rigid head . Assume that we are given the flexible-
rigid disagreement pair ft, . . . t p = ks1 . . . s4 where f is existentially quantified and k is
universally quantified .

If k is quantified to the right of f, the imitation scheme cannot be used since the
substitution term for f cannot contain k. If k is quantified to the left of where f is
quantified, then it is possible to make the head of the flexible term become k directly.
Let r be the rank of k. If r = 0 then the imitation term for f is a A-term of the form

awl . . . Awp (k(Hlw l . . . wp) . . . (Hgwi . . . wp)),
which has the same type as f . This term takes each of the p arguments of the flexi-
ble term and constructs a new term with k as the head and whose arguments depend
functionally on the arguments of the flexible term . Notice that this functional depen-
dency is left unspecified; Hl , . . ., Hq are unspecified higher-order variables . Examining
just the surface structure of the rigid term does not provide any information on how
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these new variables should be instantiated . Their determination is attempted later after
simplification removes more of the surface structure .

Notice that if the rank r is positive then the substitution term suggested above is not
a valid Q-term . This is easily corrected, however, by restricting the first r arguments of
this substitution term to not be functionally dependent on the abstracted variables . In
particular, the correct substitution term would be

awl . . . XwP (kH1 . . . H,.(H,.+1w1 . . . wp ) . . . (Hgw1 . . . wp)) .
Since we have assumed that the terms in unification problems are Q-terms themselves,
r < q and this term is sensible .

In either case, the displayed term is called the imitation term for the given disagreement
pair. We shall require that the free variables Hl , . . ., Hg do not appear in the given
unification problem's prefix. Notice that an imitation term is unique up to the choice of
these free variables and the bound variables w1 , . . . , wi, .

Finally, we need to consider the projection scheme for matching a flexible head to a
rigid head. In this case, we only try to rearrange the flexible term so that one of its
arguments is moved into the head position . In particular, consider all the terms of the
same type as f that are of the form

awl . . . Xwp (wi (H 1w1 . . . wp ) . . . (H,,,w1 . . . wp)),

where m >_ 0, 1 < i < p, and H1, . . . , H,,, are variables that do not occur in the prefix
of the given unification problem . All such terms are Q-terms and are never of primitive
type. There are, of course, p or fewer such terms, if we do not count differences in the
names of their free and bound variables . Such a term instructs the flexible term to project
its i1 h argument to its head and to give it any additional arguments (the m arguments
in the term above) it might need for the entire term to be the same type of function as
f. A projection term for the given flexible-rigid disagreement pair is any of these terms .

Notice that all of the substitution terms above are designed to be functionally depen-
dent on all p arguments of the flexible term . Such terms need not be functional on all
such arguments, but if reconversion is available, then we only need to consider the terms
built here . If reconversion is not available, as in the first part of (Huet, 1975), then more
imitation and projection terms need to be considered .

DEFINITION 7 .8 . Let P be a unification problem with prefix Q = Q,3, fQ2 and with a
flexible-rigid disagreement pair ft, . . . t p = ks1 . . . Sq . We shall write imit(f, r, k, Q) to
be either the empty set if k is bound to the right off or the set {Q13H1 . . .3Hgt} where
t is the imitation term described above . Similarly, we write proj (f, r, Q) to be the set of
all projection terms generated above for type r with the appropriate prefix added . Finally,
we define match(f, r, k, Q) = imit(f, r, k, Q) U proj(f, r, Q). Any term in this set is a
match term for the disagreement pair f ti . . . tP = ks1 . . . Sq . The values of imit, proj,
and match an unique up to alphabetic changes of bound variables . The argument Q is
used during building the imitation term to determine the rank of k and whether or not
k is to the right or left of f. It is also used to constrain the picking of the variables
H1, . . . , H„ since these cannot appear in Q .

EXAMPLE 7.9 . Let i and a be primitive types . Let Q be dkV 1l3Fb'j where the variables
k, j all have type i -+ i and l has the type i -+ i -+ i -+ i . The following are some values of
imit . (The prefixes for the various match terms presented below are suppressed : they are
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all of the form Vkb' 113H1 . . . 3H, where i >_ 0 is the number of new existential variables
free in the term.)

imit(F, i, k, Q) = {kH1 }
imit(F, i -+ i, k, Q) = {Aw(k(Hiw))}
imit(F, i --+ a, k, Q) = {}
imit(F, i -+ i, j, Q) = {}

imit(F, (i --+ i) -+ i -+ i, l, Q) = {Aw iAw2(lH i (H2wjw2)(H3wiw2 ))}

In this last imitation term, the types of w1 and w2 are i -+ i and i, while the types of
H1, H2, and H3 are i, (i -~ i) -+ i --+ i and (i --+ i) -+ i -+ i, respectively . Below are some
values of proj .

proj(F, i -i i -+ a, Q) = {}
proj(F, i -+ i, Q) = {Aw w}

proj(F, i -+ i -+ i, Q) = {Aw1Aw2 W1, AwIJiw2 w2}
proj(F, (i -+ i) - i -+ i, Q) = {Awiaw2 (wl(Hlwlw2)), '\W1'\W2 W2}

In order to facilitate a completeness proof for this unification rewriting process, we
define the following complexity measures on terms and substitutions .

DEFINITION 7.10. Let t be a f-normal term. Let Itl denote the number of occurrences of
applications in t . That is,

m

lAx1 . . . Axn(ht i . . . t,n)I = m +

	

It1I

	

(n, m > 0) .
i=1

Let a be the substitution {(wi, t1), . . ., (wn, tn)} where n >- 0. Then jaJ is defined as
n

1xl=n+~Itil.

The following proposition is critical for establishing a completeness theorem later.

PROPOSITION 7.11 . Let P be a simplified unification problem that has solution o . Also
assume that the prefix Q of P is of the form Q13,.FQ2 and that P contains a flexible-
rigid disagreement pair with F as the fiexible head and k as the rigid head. Then there
exists a unique prefixed term Q13H1 . . . 3Hns in match(F, T, k, Q) (n > 0) and a unique
Q13H1 . . . 3Hn -substitution p with domain {H 1 , . . ., Hn} such that

(1) of l-converts to ps .

F4irthermore, let o' be the substitution p U (a - {(F, oF)}) . Then

(2) a = [F ~-4 sl o o, ',
(3) a' is a solution to the unification problem [F H s]P, and
(4) Jo'l < lal .

PROOF . Lett be the ,8-normal form of aF. Then t is of the form Aw i . . . ) wn (ctl . . . t,n )
for some variables c, wi, . . . , wn and terms ti,..., tn, (n, m > 0)



the variable c must be either universally bound in Q or a member of the list wl, . . . , w,,, . In
the first case, the head of the flexible term will become c . Since the unification problem P
has a solution, c must be k . Let s be the imitation term for this flexible-rigid pair . If c is a
member of the list wl, . . . , w,,,, then by the construction of match terms, there is a unique
term, say s E match(F, r, k, Q), which projects the same member of the binder to its head .
In either case, let H1, . . . ,Hp be the new free variables of a, listed in the left-to-right order
they appear in s (p >- 0) . If we define p = {(Hi, Aw1 . . . .\w,,,t;) I i = 1 . . . . p}, we see that
t is fl-convertible to ps (hence, showing (1) above) . Notice also that Itl = m + Em, Itil .
Let o' be as defined in the theorem . Then (2) obviously holds . Since ([f ~--* s] o a')P is
equal to the prefixed term aP, a' is a solution to [x ~-4 s]P (showing (3)) . Finally,

M

la'1=1a1-Itl+~Itil-1+m
i=1

which simplifies to la'1 = lal -1 (conclusion (4) above) . 0

DEFINITION 7.12 . A unification problem containing either no equations or only flexible-
flexible equations is called a flexible-flexible unification problem .

In Section 8, we consider the general problem of determining when flexible-flexible
problems have solutions. Consider the following example of a flexible-flexible unification
problem that does not have a solution .

EXAMPLE 7.13 . Let a, b, and c be primitive types. Consider the following flexible flexible
unification problem:

VQ_by3n_,bFdc-+bZ3c_,bG'aUVcV [Fu s Gv] .

Although all existentials in this prefix are nonempty, this unification problem has no
solution .

We can now organize the two rewriting rules of simplification and substitution with
matching terms into a search process for flexible-flexible unification problems. Such a
search is often referred to as pre-unification.

DEFINITION 7.14 . Let P and P be unification problems. We shall write P ! P if all
a

the following conditions are true .

(1) P is in simplified form,
(2) F is an existentially quantified in P,
(3) there is a flexible-rigid pair in P in which the flexible term has F as its head,
(4) s is a matching term for this pair, and finally,
(5) P is the simplified form of [F ~--4 s] P .

These rewriting rules can be used to nondeterministically decompose unification prob-
lems with solutions to flexible-flexible unification problems with solutions .
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PROPOSITION 7 .15 . Let P be a simplified unification problem . P has a solution o, if and
only if there exists a sequence of rewrite steps

Pf4 . . .3P (n>_0)
81

	

an

where P' is a flexible-flexible problem with solution p and o , = [F1 H s1]o . . .o[F„ I--+ s„]op .

PROOF. Let P be a simplified unification problem . If a sequence of unification problems
as above carries P to a flexible-flexible problem with solution p, then by induction and
Propositions 7.4 and 7.7, P has the solution v, defined in the theorem . Assume the
converse, however, that P has a solution, say a . Then a sequence of such rewriting
steps must exist and its length is bounded by jo- 1 . The following simple nondeterministic
procedure will construct such a sequence . Let orf be a, let P1 be P, and pick any flexible-
rigid pair in P. Let F1 be the head of the flexible term . By Proposition 7.11, this pair
determines a nonempty set of matching terms that contains a unique term s l such that
[F1 H s 1JP has a solution a2 where icl2I < jo] and a = [Fl N sl] o a2 . Let P2 be a
simplified form of [F1 H sl]P . If P2 is a flexible-flexible problem, then we are finished .
Otherwise, we repeat this selection of a flexible-rigid pair and a match term again on this
new unification problem. This process must terminate since each subsequent call to the
unification process will reduce the complexity of a solution the unification problem . 0

N.B . In the rest of this paper, we shall assume that unification problems will not contain
universal quantifiers of positive rank . This assumption is taken to simplify the presenta-
tion of various different technical definitions in the following sections . While most of these
definitions can be generalized to handle positively ranked universal quantifiers, doing so
complicates those definitions without adding to their content .

8. Solving Flexible-Flexible Problems

Flexible-flexible unification problems are considered "reduced" in the sense that the
principal invariant used in Section 7, that rigid terms preserve their heads under sub-
stitution, is not useful when examining flexible-flexible unification problems . We now
show that deciding whether or not a flexible-flexible unification problem has a solution
is undecidable . For the next three lemmas and one theorem, let i be a primitive type .
Proofs for the lemmas are straightforward and not given .

LEMMA 8 .1 . Let t be a closed /3-normal term of type (i -+ i) -+ i -' i. Then t is 77-

convertible to a term of the form Af Ax .f ^x for some n > 0 .

Closed A-terms of type (i -+ i) -+ i --+ i are called Church numerals. For n > 0, we
write n to denote the nth Church numeral, that is, the term Af Ax. f"x. For example,
0 = \f,\x.x, 1 = \ f,\x . f x, and 2 = \f ,\x . f (f x) .

LEMMA 8 .2 . The flexible flexible unification problem

NVS_Sfdjx[Nf(Nfx) ° (Nf(fx))]

has the unique solution {(N,1)} .
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LEMMA 8.3 . Let the existential quantifiers below associate type (i -+ i) -+ i i to their
bound variables. The flexible flexible unification problem

3M3N3Pdi.if b'{x[(N f)(M f )x --I- Pfxl

has solution {(N, r), (M, s), (P, t)} if and only if for some n, m >_ 0, r is n, s is en, and
t is n-+m. The flexible flexible unification problem

3M3N3Pdi,if dix[N(M f )x= P f x)

has solution {(N, r), (M, s), (P, t)} if and only if for some n, m >_ 0, r is n, s is m,, and
tisnxxm.

The outline of the following proof is suggested by the main proof in (Goldfarb, 1981) .

THEOREM 8.4. The problem of determining if a given flexible flexible unification problem
has a solution is recursively undecidable .

PROOF . Using the preceding three lemmas, it is simple to encode any finite set of equar
tion of the form x = 1, x + y = z, and x x y = z into a flexible-flexible unification problem
such that the unification problem has a solution if and only if the set of equations has an
interpretation of its variables over nonnegative integers such that all the equations are
true. In this encoding, each variable in an equation would correspond to an existential
variable of type (i --+ i) -+ i --4 i, and each equation would correspond to a flexible-flexible
disagreement pair . Since the problem of determining if such a set of equations can be
solved over the nonnegative integers is recursively unsolvable (Hilbert's Tenth Problem),
the problem of determining if flexible-flexible unification problems have solutions is re-
cursively unsolvable . Notice that the unification problems needed for this encoding are
only second-order; that is, the highest order of any variables in these prefixes is 2 . 0

There are many flexible-flexible unification problems for which it is easy to compute a
solution . The following proposition describes such a collection of flexible-flexible unifica-
tion problems.

PROPOSITION 8 .5 . Let P be a flexible-flexible unification problem with prefix Q. Let £
be the set of existential variables of Q, and let --° be the relation on £ such that x Pt° y
if and only if x and y are the heads of a common disagreement pair of P . Let N be the
equivalence closure of moo . Let E be some ;t:-equivalence class, let T be the common target
type of the variables in E, and let Q' be the prefix to the left of the leftmost variable in E.
Call the set E solvable if there is a Q'-term of type T. Finally, if all equivalence classes
of £ are solvable, then P has a solution .

PROOF . The following proof is a simple extension of a proof given in (Huet, 1975) . Let
E be an equivalence class of existential variables of the prefix Q, let T be their common
target type, let Q' be the prefix to the left of the leftmost variable in E, and let t be a
Q'-term of type T. For each variable x in E substitute the A-term awl . . . \w,, .t, where n
is the unique nonnegative integer needed to make this term the same type as x and the
variables w l , . . . , w„ are not free in t . In this way, a substitution for all the existential
variables of Q can be built . It is immediate that this substitution is a solution for P . 0
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In the event that a unification problem has a ds-prefix, then the above proposition
reduces to simply checking if each of the primitive types labeling equations in the unifi-
cation problem are nonempty with respect to the purely universal part of the prefix .

When flexible-flexible unification problems have solutions, computing all solution can
be difficult. Although Proposition 8 .5 can be used occasionally to produce some solutions
to some flexible-flexible unification problems, it provides no information on the nature
of other solutions available . Such unification problems may have an infinite number of
incomparable solutions and no nonredundant enumeration of a complete set of solutions
for general flexible-flexible unification problem is possible (Huet, 1975) .

9. Some Unsolvable Unification Problems

We now identify some classes of unification problems that have no solutions .

DEFINITION 9 .1 . A simple failure problem is a simplified unification problem containing

a disagreement pair that is either (i) rigid-rigid (thus, its terms have different heads), or
(ii) flexible-rigid and the set of matching terms for this pair is empty .

THEOREM 9.2 . If P is a simple failure node then it has no solutions .

PROOF . Let P be a simple failure unification problem . There are two cases to consider .

If P contains a rigid-rigid disagreement pair with different heads, then no substitution
into these terms can make them equal and P can have no solution. From Proposition

7.11 it follows that if P has a solution, every flexible-rigid disagreement pair in P must
have a nonempty set of match terms. Thus, if P contains a flexible-rigid pair that has

an empty set of match terms, P could not have a solution . D

The analysis required to recognize simple failure unification problems is inexpensive :
only the surface structure of the terms involved need to be examined . The remaining

failure cases presented in this section are more costly to determine . The following two

definitions generally require the examination of much of a term's structure .

DEFINITION 9.3 . Let Qt be a prefixed formula . The binary relation --*+© on prefixed terms
is defined by the following two rules. First, Qaxt -++© Q''xt, provided x is not a member
of the prefix Q (otherwise change the name of x before moving it to the prefix) . Second,
Q(hti . . . tn ) -r . © Qt, provided h is a universally quantified variable in Q and 1 < i < n .
Let -++ be the transitive closure of -+•© . A variable w of Q is said to have a permanent
occurrence in Qt if Qt -+• Q'(wtl . . . t n ) for some prefix Q', n >_ 0, and some terms
t1,

	

,tn.

The proof of the following proposition is done by a simple induction on the structure
of terms: the proof is omitted .

PROPOSITION 9.4 . Let t be a „-normal Q-term and let y be a universally quantified
variable of Q that has a permanent occurrence in Qt . If v is a Q-substitution, then y
has a permanent occurrence in QQt. Ifs is Q -free for f in Q, then y has a permanent
occurrence in [f ~--+ s]Qt .
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DEFINITION 9 .5 . Let t be a ft-normal Q-term . A universally bound variable y of Q pos-
sibly occurs in Qt if y occurs free in t or y is to the left of some existential variable of
Q that occurs free in t .

The following proposition justifies this use of terminology .

PROPOSITION 9.6 . Let P be a unification problem with prefix Q and a disagreement pair
t = u . If there exists a universally quantified variable y in Q that does not have a possible
occurrence in t but does have a permanent occurrence in u, then P has no solution .

PROOF. Assume that a is a solution for P . By Proposition 9.4, y has an occurrence in
au . Since y does not occur in t and since the existential variables free in t are on the left
of y, at does not contain an occurrence of y . Hence, at and au are not equal and this
contradicts the assumption that a is a solution to P. 0

EXAMPLE 9.7 . The unification problem

Vi- iy3(i~i)- fit-ix[x(Hx) = Hy]
has no solution since x has a permanent occurrence in x(Hx) while it has no possible
occurrence in Hy.

Below we present a different class of unsolvable unification problems . They can be
recognized as such by noticing how a simple strategy of applying matching terms would
produce a cyclic pattern in the search for a solution .

DEFINITION 9 .8 . Let prefix Q be of the form Q 13xQ 2 . Consider an equation of the form
xsl . . . s„ = t where n > 0 and for every i = 1, . . . , n, Qsi has a head that is bound
universally in Q2 . Let Y be the set of heads of the terms s l , . . . , s,, . Finally, assume that
x has a permanent occurrence in t witnessed by the sequence of prefixed terms

Qt = Qltl -*+°	O Qmtm = Q'(xel . . . en) (m > 2),
where for all i = 1, . . . , m - 1, the head of ti is not in the set Y . Such an equation is a
simple divergent equation.

The following is a generalization of the occurrence-check found with in first-order
unification .

PROPOSITION 9.9 . If P is a unification problem with a simple divergent disagreement
pair, P has no solution.

PROOF . We shall show that if P is a unification problem with a simple divergent dis-
agreement pair and with a solution, say a, then there is another unification problem P'
with a simple divergent disagreement pair and a solution a' where Ja'I < lal . From this,
a contradiction quickly follows: if n = (a I, use the above argument n + 1 times to reach
the conclusion that there is some unification problem whose solution has negative size .

Thus, let P contain a simple divergent disagreement pair xs l . . . s, = t, and let Y be
as defined in Definition 9.8. Let t be kt l . . . ty where p >_ 1 and let j E {1, . . . , n} be
such that x has a permanent occurrence in the term t 3 satisfying the same condition
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regarding the set Y . By assumption, k 0 Y. Since P has a solution, there is a match
term s for this equation such that P - P' where P' has a solution a' with Ju'J < Jo and

s
a = [x ~-+ s] o a' . If s is a projection term, then P' contains a rigid-rigid disagreement
pair whose heads are k and the head of si for some i = 1, . . . , m. Such a P is a simple
failure problem since these heads are different : if k is in Ql then k cannot equal the head
of s . by assumption on s,, and if k is in Q2, then k cannot be equal to the head of s i
since it is a member of Y .

Thus s must be the imitation term and k is bound in Q1 . Let the imitation term, s,
be written as

Ay, . . . Ay©(k(Hlyl . . . yn) . . . (Hpyl . . . yn)) •
Thus, P' contains the 6-normal form of the equation Hls1 . . . s,, = [s/x]t1 . Since t l
contained a permanent occurrence of x and the head of s is a universal variable not in
Y, this pair is then a simple divergent disagreement pair . This completes the proof. O

EXAMPLE 9 .10 . Consider the unification problem

V. .ia2,. .+,XViu[Xu = a(Xu)] .

Since X occurs permanently in a(Xu) and that occurrence is not under u, this unification
problem has no solution. Another way to see this is to notice that the imitation term for
the disagreement pair in this unification problem is Aw .a(Hw) for a new variable H
of the same type as X . Substituting this into the unification problem yields the problem
Va3HVu[Hu & a(Hu)], which is simply an alphabetic variant of the original problem .
Since this problem cannot be rewritten into a flexible flexible problem, Proposition 9 .1
implies that this problem has no solution .

On the other hand, consider the following unification problem taken from (Huet, 1975) :

Via.3(i .~i)-iXVj,iu[Xu _ (u(X(~1v v)))]

Although X occurs rigidly in u(X(av v)), this theorem does not apply to this problem
since X occurs under u . This unification problem actually does give rise to a flexible-
flexible problem since substituting the projection term \w(w(Hw)) for X and simplifying
yields Va3HVu[Hu = H(av v)] . This has the solution, {(H, az a)}, and the original
problem has the solution {(X, Aw(wa)} .

To see why Proposition 9.9 provides a generalization of the occurrence-check in first-
order unification, assume that the equation x = s is first-order, x is different than s, and
that x occurs in s. Thus, x has a permanent occurrence in s and the restriction on the
permanent occurrence is vacuously true . As the proposition concludes, there is no unifier
for any unification problem containing this equation .

10. Factors of Unification Problems

In this section, we will capitalize on the fact that occasionally there are unification
problems whose solutions all share certain features . Recognizing such cases and features
permits a search strategy to commit to a particular approach to constructing an initial
portion of a solution without needing to consider backtracking . The common structure
of solutions, when they exist, will be called factors.
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DEFINITION 10 .1 . Let P be a unification problem with prefix Q . Let Po be P and Qo be
Q. A list of quadruples

(fl, 81, Q1, PI), . . ., (fn, sn, Qn, Pn) (n > 1)
is called a cascading substitution for P if for i = 1, . . .,n, the term s; is Qi_ 1-free for
the variable fi and P; is the simplified unification problem [fi ~-4 s,]PS_ 1 and Qi is . the
prefix ofPi . We shall denote by [f1 +-+ 811 o . . . o [fn ,-+ sn ] the function that carries Q,,-
substitutions a to the Q-substitution [f1 '--+ s1] o . . . o [fn ,-+ sn ] o a . We shall frequently
refer to just the expression [f1 +-+ s1] o . . . o [fn '-+ sn] as a cascading substitution.
The syntactic variable ilr will be used to denote cascading substitutions . If ip' denotes
the above cascading substitution and if a/r" denotes a cascading substitution for Pn , then
their composition, written as ip' o 0", is the concatenation of their list of quadruples. The
interpretation ofO'ot,r" as a mapping on substitutions is given by composing the meaning
of the interpretation of both ib' and o" .
DEFINITION 10.2 . Let P be a unification problem . We say that a cascading substitution
[f1 i-+ 8 1 1 o . . . o [fn i-4 sn ] for P is a factor of P if for every solution a of P there is a
solution a' for [f,,, +-+ sn](.•. ([f1 +-+ s l ]P) . . . ) such that a = [fl +-+ 3110 . . . o [fn ,-+ sn ] o o' .
This factor is a proper factor if whenever a and a' exist as above, Ia'I < IaI • Otherwise,
it is improper.

Notice that if P is an unsolvable unification problem, then every cascading substitution
for P is a factor for P.

EXAMPLE 10 .3 . It is possible for an improper factor 0 to increase the size of a substitu-
tion; that is, for a = ip oa' and Ia'I > IaI to hold. The unification problem "dac30F.F - c
has the single solution {(F, c)} : It also has the factor [F +-+ (H1H2)] where

bac3a-.aH13aH2 (H1 H2)
is Vac30F-free for F . Now

{(F, c)} _ [F '-' (H1H2)] o {(H1, Aw.w), (H2, c)}
but I {(Hi, Aw.w), (H2, c)}I = 2 and I{(F, c)}I = 1 .

Without exception, we shall be interested only in improper factors that keep the size of
solutions constant. Such improper factors always exist for unification problems contain-
ing existential quantifiers in their prefix . For example, let x be existentially bound with
type rl -+ . . . -+ Tn -+ ro where n >_ 0 . If Tr is a permutation of {1, . . . , n}, the substi-
tution [x'--+ Awl . . . Awn.Hww 1 . . . wxn ] is an improper factor. This is a kind of renaming
operation : x is renamed to H with the possibilities that its arguments are permuted .
We shall find improper factor useful since it is possible that applying such a factor to a
unification problem yields a problem that is syntactically simplier although its solutions
are not "smaller" .

PROPOSITION 10.4 . Let 0' be a factor of P and let 0" be a factor of tp'P . Then i/.' o ik"
is a factor ofP. Furthermore, if both 0' and 0" are proper factors then so is lot o 0 " .

PROOF . Let a be a solution to P. Then there is a a' such that a' solves VP and
a = if,' o a' . Since 0" is a factor of i'P, then there exists a solution a" of 0"(OO'P) such
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that a' = r(r" o a" . Thus, a = (0' o ") o a" and a" solves (tP' o tb")P. Hence, (iP' o 0") is
a factor. If fir' and +5" are proper, then la' l < jol and la" I < la' j , so la"I < jal and V o0"

is proper. 0

The following proposition shows that factors identified for a subset of the equations in
a unification problem are factors for the full unification problem .

PROPOSITION 10 .5 . Let P and P' be two unification problems with the same prefixes
and be such that the disagreement pairs of P are all contained in P' . It follows that any
factor of P must be a factor of P' .

PROOF . Let 0 be a factor of P and let a be a solution of P' . Thus, a is a solution of P
and a = 0 o a' for some a' where a' is a solution to OP. Thus, a' is also a solution to
',P' . O

We shall now present four different classes of factors : the first two classes are proper
and are presented in Propositions 10 .6 and 10 .8. The third and fourth classes, presented
in the next section, are improper factors that can be used to prune existential variables
of functional types; that is, such variables are replaced with existential variables of fewer
arguments. The first class of proper factors is provided as an immediate corollary of
Proposition 7 .11 .

PROPOSITION 10 .6 . Let P be a unification problem that contains a flexible-rigid pair with
x as the flexible head. If the set of match terms for this disagreement pair is a singleton
set, say {s}, then [x r-+ s] is a proper factor of P .

The second class of proper factors arises by generalizing on the usual definition of
variable-term disagreement pairs found in first-order unification .

DEFINITION 10.7 . Let P be a unification problem with prefix Q . A variable defining
disagreement pair is a pair of the form xyi . . . y,, = t where n > 0, x is an existentially
quantified in Q and does not occur free in t, the variables yl, . . . , yn ane distinct and
universally quantified to the right of x, and Ayl . . . Aynt is Q -free for x .

Notice that a variable defining disagreement pair could be flexible-rigid as well as
flexible-flexible .

PROPOSITION 10 .8 . Let P be unification problem with the variable defining disagreement
pair xyl . . . yn = t. The substitution [x '-4 Ay, . . . Aynt] is a proper factor of P .

PROOF. Let a be a solution for P . Let s be ax and let a' := a/{(x, s)} . Using Q and
reconversion, we can assume that s is of the form Ayl . . . Ayns', where s' is X3+1-convertible
to at which is also equal to a't since x is not free in t . Hence, [x H Ay, . . . Aynt] O a t =
{(x, ay1 . . . Ayna't)} Ua' = a. Thus, [x r-+ Ay1 . . . Ayn t] is a factor that is also proper since
101 =101 -1- 181 . 0

EXAMPLE 10 .9 . Consider the equation

ayi . . . Ayn .X y, r i . . . y+rn = t
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where w is a permutation of {I,-, n}, none of the variables X, yl , . . ., yn ane free int,
and the prefix to this equation is of the form H3 . Then the substitution

[X ,-+ Ayx l . . . Ayxn.tyl . . . yn]

is a factor.

The substitution provided in the above proposition is the first instance of a substitution
that replaces an existential variable with a term that may contain another existential
variable in the current unification problem . In all other substitutions so far, substitution
terms contained either universal variables or new existential variables .

11. Pruning Unification Problems

We now consider two classes of improper factors we collectively call pruning factors . In
each case, an existential variable, say x, of functional type is replaced by a new existential
variable, say h, of one fewer arguments . This is done using the substitution

ik = [x u-+ Awl . . . Awn(hw1 . . . wi_lwi+ l . . . wn)]
where n > 0 and 1 >_ i > n . If 0 is a factor, then it must be an improper factor :
let a and a' be substitutions such that a = 0 o a' . There must be some term u and
some substitution a" that contains neither x nor h in its domain and is such that a is

(x,Aw1 . . •Awn u)) U a" and a' is {(h, Aw1 . . . Awi-1Awi+1 . . . Awn u)} U a" Since the
only difference in these substitutions is in the number of abstractions in substitution
terms, and since these are not counted by 11, dal = ja'I .

PROPOSITION 11 .1 . Let P be a unification problem with a disagreement pair xt1 . . . to =
s, where x is existentially bound with type Ti -> • • • -+ Tn -4 To and where ro	n are
primitive types. If then is a universal variable y that has a permanent occurrence in ti,
for some i = 1, . . . , n, and that does not have a possible occurrence in s, then

ik _ [x ~-+ Awl . . .Awn(hwl . . .w,_lwi+l . . .wn)]
is an improper factor for P .

PROOF. Let xt1 . . . to = s be as in the theorem, with the universal variable y occurring
permanently in ti but not having a possible occurrence in s. Let a be a solution for P .
Since as cannot contain y free, y cannot be free in a(xtl . . . tn ) . Since y occurs perma-
nently in ti , it also occurs permanently in ati . Now ax is r7-convertible to a A-term of the
form Awl . . . Awn u where the abstracted variables are of primitive type. If wi is free in
u then a(xtl . . . tn ) would contain ati as a subterm and y would be free in a(xt1 . . . t n ),
which is not possible. Thus, o = ik o o' where o' is

{(h, Awl . . . Awi_lAwi+1 . . . Awn u)} U {(v, or (v)) I v E dom(a) and v 0 x} .
Hence, tG is a factor. By the discussion above, it must be an improper factor . O

EXAMPLE 11 .2. The unification problem

3i,iF3,,iG`dixd,y[Fx = Gy]
has [F ~-+ Aw Hl ] as a pruning substitution. A pruned form of this unification problem
is therefore 3H13GVxdy[H l = Gy] . This has [C ' Aw H2] as a pruning substitution.
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A pruned form of this problem is then 3H13H2VxVy[Hi = H2] . Thus, the compound
substitution, [F '--+ Aw Hi] o [G +-+ Aw H2] is a factor of the original unification problem .

For another example, consider the unification problem

VS~L-+Lr3L-~S --~L3SyL--~L~L'T'dSy[G(~'y)(~y)L3SyL--~L~L'T'dSy[G(~'y)(~y) '- Fyy] .
This problem has a pruning substitution, namely [G +-+ Aw1Aw2(Hw2)] . The resulting
unification problem is the simpler `dc3F3HVxVy[H(cyy) = Fyy].

The restriction on the type of the variable being prune is necessary as the unification
problem

dia3(i,i),i--.iXtliy[X (Az .a)y ='a]

shows. Here, y has a permanent occurrence in the second argument of X while it does not
have a possible occurrence in the term a . It is not the case, however, that the substitution
[X +-+ Aw1Aw2(Hwi)] is a factor for this unification. In particular, the solution [X F +

Az1Az2(ziz2)] is not in the image of that substitution .

The type information in a prefix can be used to suggest pruning substitutions . For
example, consider the prefix Q136,TfQ2 . A solution for a unification problem with this
prefix must provide f with a term of type 6 --+ r whose free variables are all universally
quantified in Q1 . As describe in Section 3, it is possible to use the type information in
Q i to determine if there is a term of type 6 --+ r . This same type information can be
used to determine more about the possible substitution terms for f . For example, it is
possible to determine whether there is a term, say Ax.t, of type 6 -+ r in which x is free
in t . If such a term does not exist, then the pruning substitution [f +--+ Aw .h] is a factor .

In order to determine this structural property given the type information in a prefix,
we modify the proof system in Definition 3 .5 to enforce that a particular hypothesis is
used in a proof.

DEFINITION 11 .3 . Let i be a finite set of types including the type 6. The relation A F-; r,
for type r, is defined by the following clauses .

(1) A I-I 6 .
(2) DFIri -.r2 if {ri}UAI-Ir2 .
(3) OF-itif6is61 -+ . . .-+6„-4randOhr6li . . .,A1-,r6„ (n>0) .
(4) A F-I r if 6 1 -+

	

	6„ -+ r E A and 0 F-j 61, . . . , A F-I 6„ and for some
i = 1, . . . , n, A I-I 6i (n > 1).

PROPOSITION 11 .4 . The relationship A PI' ,r is decidable.

PROOF. Provability of A F-5 r can only depend on the provability of statements of the
form A' F-

5
r' or i ' F- j r' where r' is a subexpression of some type in {r, 6} U A and A'

is some finite set of similar types . In particular, there are only a finite number of such
values for A' and r', so the length of any proof for A F-I r can be bounded prior to
looking for a proof. O

PROPOSITION 11 .5 . Let 0 be the set of types for quantified variables in the prefix Q .
There is a #-normal Q-term Ax .t of type 6 --+ r such that x is free in t if and only if
A F-I r.



PROOF. Assume that A F-f T . We show by induction on the length of a proof of this
fact that if QVsx is a prefix whose quantifiers are typed by types in 0, then there is a
QY6x-term of type r that contains x ,free . If 6 is r then the required term is simply x.
Assume that r is rl --4 T2 and that {Tl} U 0 1-6 r2 . By the inductive hypothesis, there
is a QVT,ydsx-term t' of type r2 such that x is free in t'. Thus, Ay.t' is the required
Qdsx-term of type r which contains x free. Assume that 6 is 61 -+ • • • --.I- b„ -+ r and
that i F• I 61 i . . . , i I-16, (n >_ 0) . By Proposition 3 .6, there are Qd6x-terms, ti, of type
6i for i =1, . . . , n. Thus, (xti . . . t„) is the required Q 5x-term of type r which contains x
free. Finally, assume that 6 1 -+ • • • -+ 6„ -+ T E 0 and A F-I 61, . . . , 0 F-r 6„ and for some
i = 1, . . . , n, A F-f 6i (n >_ 0). Again, there are Qdsx-terms, ti, of type 6i for i = 1, . . . , n,
one of which contains x free. Thus, if c is bound in Q` 5x at type 61 -+ • • • -a b„ -i T
then (dl . . . t„) is the required QV6x-term of type T which contains x free.

Let \x.t be a #-normal Q-term of type 6 -+ r such that x is free in t . We show by
induction on the structure of t that if A is the set of types in Q, then A F-f T . If t is
a variable, then t is x, and we have 0 F-f 6 by rule (1) . If t is \y .t', then y is different
from x and r is rh --4 r2 . Thus \x.t' is a /3-normal QV, .,y-term of type 6 -a T2 . The
inductive hypothesis, {r 1 } U A F-f T2 i and rule (2) completes this case . Finally, assume
that t is of the form (d1 . . . t„) for c a variable and for some n > 0. We now have two
cases: either c is x or x appears free in ti for some i = 1, . . . , n. In the first case, 6 is of
the form 6 1 -+ • • • -+ b„ --+ r where t, is a Q-term of type 6i. By Proposition 3 .6 and rule
(3), the conclusion follows. Finally, assume that c is not x . Thus x is free in t, for some
i = 1, . . . , n and c is quantified in Q with type bi -+ • • • -+ 6,, -+ T, and the type of t i
is 6i. This case is completed by the inductive hypothesis, Proposition 3 .6, and rule (4)
above. 0

The following Proposition is now an immediate consequence .

PROPOSITION 11 .6 . Let P be a unification problem with prefix Q136-.,.f Q2 and let A be
the set of types that include 6 and all the types of quantified variables in Q1 . If i. F-f 'r
is not provable then [f i-+ \w . H] is a factor for P, where H is a variable not in Q .

EXAMPLE 11 .7 . Let list, int, boot, and bt be four primitive types. Let Q be the prefix that
contains universal quantifiers for the following pairs of variables and types:

true, boot

	

false, boot
zero, int

	

succ, int -+ int
node, int --+ bt --' bt -+ bt

	

leaf , int -+ bt
sign, int --' boot

	

nil,

	

list
bcons, boot -+ list -+ list

	

icons, int -+ list -+ list

Notice that all primitive types and all types built using these primitive types are nonempty.
Let i be the set of types displayed above. The chart below describes when the relation
A F•f r holds given that r and 6 range over the primitive types above. There is a "Y" in
the row 6 and column r if A F- f r can be proved; otherwise there is an "N".
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list int boot bt
list Y N N N
int Y Y Y Y
boot Y N Y N
bt N N N Y
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Thus, if a unification problem has the prefix Q3 f Q' where the type for f is list -' int -+
bool -+ bt, this chart can be used to infer that [f s-+ AwlAw2Aw3.hw2] is a factor.

12 . A Subcase of Unification

As an illustration of using some of the technical devices defined in the previous sections,
we investigate a class of unification problems in which the search for a pre-unifier give rise
to no important choices. That is, if such unification problems have solutions, they have
factors that rewrite them into flexible-flexible unification problems . This class contains
all first-order unification problems : factors of such problems correspond to most general
unifiers . It also contains the class of raised first-order unification problems described in
Section 6 .

In this section we shall assume that prefixes are restricted to have low orders . In
particular, prefixes are restricted so that the type of existentially quantified variables
are of order 1 or 0 and universally quantified variables to the right of some existential
variable are of primitive type .

DEFINITION 12 .1 . A ,0-normal prefixed term Qt of type r is an argument-restricted term
if the order of r is 0 or 1 and every subterm oft of the form xt1 . . . t„ (n > 0) where
x is existentially quantified in Q is such that the terms t1, . . . , t„ have as heads distinct
variables that are either universally quantified in Q to the right of x or ane internally
A-abstracted variables . A unification problem is argument-restricted if it is argument-
restricted as a prefixed term.

Notice that any unification problem comprised of only first-order terms is trivially an
argument-restricted unification problem . This set of unification problems also has useful
closure properties .

PROPOSITION 12.2 . Let P be an argument-restricted unification problem . Let P' be the
result of Skolemizing, raising, simplifying, pruning, or applying match terms to P . Then
P' is argument-restricted .

PROOF . If P' results from Skolemizing P, P' is argument-restricted since Skolemization
only introduces new occurrences of existentially quantified variable occurrences which are
not applied to any arguments . Since simplifying does not introduce any occurrences of
existentially quantified variables, the result of simplifying an argument restricted prefixed
term is also argument restricted .

If P' results from raising P, then various subterms of P of the form xtl . . . t„ are
replaced with subterms of the form hyt 1 . . . t„ where y, which is to the left of x in P and
is not at the head of any term in t1 i . . . , t, is to the right of h in P' . The heads of the
terms y, t 1, . . . , t, are thus all distinct . Also since y is of primitive type, the type of h is
of order 1 .

Since pruning has the effect of tossing out arguments to existentially quantified vari-
ables, if P' results from pruning P, then P' is clearly argument-restricted .

The case of verifying the application of match terms is slightly more involved . Let Qt
be an argument-restricted prefixed term where the prefix is of the form Q1 3zQ2 and let s
be a match term for z . We show by induction on fit) that the #-normal form of [z ~-+ s]Qt
is a variable-restricted prefixed term . Let Hl, . . . , H,,, be the free variables of s that are
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not bound in Q and let Q' be the prefix Q13H1 . . .3H.Q2. Thus [z +--+ s]Qt is equal to
Q'[s/z]t . If Itl = 0 then t is a variable and [z ~-' s]Qt is either Q't or Q's . In either case,
the result is argument-restricted.
Now assume that Itl > 0 . Thus, t is of the form Au1 . . . Aup(ae1 . . . e„) where p > 0,

n > 0, a is a variable, and the variables u 1 , . . . , up are not free in s . Let a', e'1, . . . , e;, be
the #-normal forms of [z +-+ s]a, [z ' -+ s]el, . . . , [z +-+ s]e,,, respectively. By the inductive
hypothesis, these terms are argument-restricted . If a is a variable other than z, then the
t3-normal form of [z '-+ s]Qt is Q'Aul . . . Aup(aei . . . e'„), which is argument-restricted . If a
is the variable z then e	e;, all have distinct variable heads that are either universally
quantified in Q to the right of z, are in the set {ul, . . . , up}, or are bound internally. If s
is the imitation term, which is of the form Awl . . . Aw„ k(Hlwl . . . w„) . . . (Hmwl . . . w„),
then the #-normal form of [z +-+ s]Qt is

Q'Au 1 . . .Aupk(H1ei . . .en) . . .(Hmei . . .en) .
Since the terms e' . . . en all have the necessary distinct heads, the term [z '-+ s] Qt
must also be argument-restricted . If s is a projection term then it must have the form
awl . . . Aw„ wi for some i = 1, . . . , n since the type of z is at most order 1 . Thus,
[z +-+ s]Qt reduces to Q'Au 1 . . . Aup.es, which is argument-restricted . 0

EXAMPLE 12 .3. The restrictions on the order of types in the definition of argument-
restricted are necessary to achieve closure under the substitution of projection terms . For
example, consider the prefixed term

Q3Y3Xbadf.Y(Aw(f (Xaw)))a,

where Q is some prefix and the types declared for Y, X, a, and f are (i -+ i) -+ i --+ i, i -+

i --+ i, i, and i -+ i, respectively. This prefixed term is not argument-restriction only
because the type of Y is of order 2. Applying the projection term Aw1Aw2 .wl(HwIw2)
for Y yields the prefixed term

Q3H3XVaVf.f(Xa(H(Aw(f(Xaw)))a))),

which is not argument-restricted for the additional reason that the variable X has an
argument that has the existentially quantified variable H as its head .

Our main theorem about this class of unification problems follows from this lemma .

LEMMA 12.4. Let P be a simplified, argument-restricted unification problem . If P is
neither a simple failure problem nor a flexible-flexible problem then there exists a proper
factor 0 such that OP is an argument-restricted unification problem.

PROOF. Since P is neither a simple failure problem nor a flexible-flexible problem, it
must contain a flexible-rigid pair, say xt 1 . . . t„ = ks1 . . . s,,,, with x being the existentially
quantified variable . Since P is not a simple failure, the set of match terms for this equation
is nonempty. Although this set may not be a singleton, at most one substitution term
in this set can lead to a solution . To see this, consider the variable k . If k is universally
bound to the left of x in Q, then the imitation term is the only match term that can
lead to a solution. If k is universally bound to the right of z in Q, then the only possible
match terms leading to a solution are the projection terms . Such projection terms would
move one of the arguments, say ti, into the head position . In this case, the head of t i
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must be the same as k . By assumption, however, there is exactly one such term t; since
all the terms t l , . . . , t,, have distinct rigid heads . Thus, the projection term that maps
the ith argument of x to the head position must be a factor . In either case, let s be this
distinguished match term. The substitutions [x F--. sJ is the desired factor . 0

THEOREM 12.5 . Let P be an argument-restricted unification problem that is not fiexible-
flexible . If a solution to P exists, there exists a proper factor 0 of P such that tbP is a
flexible flexible unification problem .

PROOF. Let P be a simplified, argument-restricted unification problem with solution a .
Also assume that P is not flexible-flexible. Hence, P is not a simple failure problem. We
proceed by induction on dal . By Lemma 12 .4, P has a proper factor, say 0, and OP is an
argument-restricted unification problem . If tbP is a flexible-flexible unification problem
then we are finished . Otherwise, t/bP has a solution a' such that a = ,oa' and Ja'l < dal .
By the inductive hypothesis, ?PP has a factor t/r' such that tp'(t;P) is a flexible-flexible
unification problem . The desired proper factor is ty o 7p' . 0

The subset of argument-restricted unification problems in which existentially quantified
variables are applied to terms that are distinct variables bound either internally or to the
right of the existential variable is an interesting class of problems . This subset is called
La-unification in (Miller, 1991b) and appears to be the weakest extension to first-order
unification that treats bound variables via the equations of /3'q-conversion. Unification in
La is decidable and most general unifiers exist when unifiers exist . Unlike above where
unification needed to be restricted to essentially second-order, La is w-ordered .

13. Related Work

For a summary of the early work done on the unification of simply typed A-terms, see
(Huet, 1975) . Section 7 is largely a modification of the part of (Huet, 1975) that deals with
unification modulo /3r7-conversion. Snyder & Gallier (1989) present the material of (Huet,
1975) in terms of transformations on sets of equations and provide new completeness
proofs. Several abstract properties of unification problems are developed in (Statman,
1981). A declarative specification of simply typed A-term unification is given in (Miller,
1991a) using a logic programming language as the vehicle for specifying search and A-term
syntax .

The earliest applications of ,Qr7-unification were in automating some aspects of deduc-
tion in higher-order logic . Theorem proving procedures that incorporated such unifica-
tion are described in (Andrews et al., 1984; Huet, 1973b; Jensen & Pietrzykowski, 1976 ;
Pietrzykowski, 1971 ; Pietrzykowski & Jensen, 1976) . Also, certain problems regarding
the length of proofs can be formulated as unification problems (Farmer, 1984) .

A higher-order extension to Horn clauses incorporating fit?-unification of simply typed
A-terms is described in (Nadathur, 1987; Nadathur & Miller, 1990) and used as the
foundations for an extension of Prolog, called AProlog (Nadathur & Miller, 1988) . The
Elf logic programming language (Pfenning, 1991) employs Art-unification of dependent-
typed A-terms (Elliott, 1989 ; Pym, 1990) .

The unification of simply typed A-terms has occasionally been adopted as a component
of programs that must manipulate logical expressions or other programs . Huet and Lang



(1978) demonstrated that second-order matching, a decidable subset of A-term unifica-

tion, could be used to analysis and transform programs in a natural fashion . Their ideas

were enriched by moving their analysis into AProlog (Hannan & Miller, 1988 ; Hannan
& Miller, 1989 ; Miller & Nadathur, 1987) . In the domain of the manipulation of logical

expressions, A-term unification has been used to implement inference rules in the Isabelle
theorem prover (Paulson, 1986; 1989) and in theorem provers written in AProlog (Felty

& Miller, 1988; Felty, 1989) . Elliott and Pfenning (1988) further extended this notion and

refer to the use of A-terms and unification to analyze logical expressions and programs
as higher-order abstract syntax .
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